To begin the study of phytochrome signaling in maize, we have cloned and characterized the phytochrome gene family from the inbred B73. Through DNA gel blot analysis of maize genomic DNA and BAC library screens, we show that the PhyA, PhyB, and PhyC genes are each duplicated once in the genome of maize. Each gene pair was positioned to homeologous regions of the genome using recombinant inbred mapping populations. These results strongly suggest that the duplication of the phytochrome gene family in maize arose as a consequence of an ancient tetraploidization in the maize ancestral lineage. Furthermore, sequencing of Phy genes directly from BAC clones indicates that there are six functional phytochrome genes in maize. Through Northern gel blot analysis and a semiquantitative reverse transcriptase polymerase chain reaction assay, we determined that all six phytochrome genes are transcribed in several seedling tissues. However, expression from PhyA1, PhyB1, and PhyC1 predominate in all seedling tissues examined. Dark-grown seedlings express higher levels of PhyA and PhyB than do light-grown plants but PhyC genes are expressed at similar levels under light and dark growth conditions. These results are discussed in relation to phytochrome gene regulation in model eudicots and monocots and in light of current genome sequencing efforts in maize.
A S sessile organisms in an ever-changing environment, late plant development (Casal et al. 2003) . In Arabidopsis, plants have evolved sophisticated signaling netdetailed mutant and molecular genetic analyses have works to perceive and respond rapidly to changes in defined roles for all five phytochrome apoproteins presthe external environment. Higher plants have at least ent in the genome. phyA is the primary photoreceptor three photoreceptor systems that enable them to detect controlling high-irradiance FR light responses such as red (R)/far-red (FR), blue (B)/UV-A, and UV-B light hypocotyl elongation, cotyledon expansion, and seed (Gyula et al. 2003) . The primary R/FR photoreceptors germination (Nagatani et al. 1993 ; Parks and Quail of plants, the phytochromes, are the best characterized 1993; Whitelam et al. 1993) . phyB is the primary red of all light receptor families . The phytolight photoreceptor mediating many of the shade-avoidchrome holoprotein consists of a light-sensing linear ance syndrome responses that result in petiole elongatetrapyrrole chromophore, phytochromobilin, covation, internode elongation, reduced leaf area, and early lently attached to the phytochrome apoprotein (Terry flowering (Reed et al. 1993) . phyC mediates seedling et al. 1993) . In angiosperms the phytochrome apoproresponses to red light and represses flowering under teins are encoded by a small nuclear gene family of at short-day conditions (Franklin et al. 2003 ; Monte et least three members (Mathews et al. 1995; Mathews al. 2003) . Although phyD and phyE are structurally simiand Sharrock 1996, 1997). Phytochrome-regulated relar to phyB, they are not functionally redundant (Sharsponses include seed germination, seedling deetiolarock et al. 2003a) . Responses mediated by phyD and tion, leaf expansion, shade avoidance, and time to flowphyE include petiole and internode elongation and the ering. As these responses contribute to ecologically and control of flowering time (Aukerman et al. 1997 ; Devlin agronomically important traits, phytochrome has been et al. 1998, 1999) . the subject of intense study for several decades (for reviews Despite our detailed understanding of phytochrome see Smith 1995; Ballare and Casal 2000) .
signaling in eudicots, little is known of monocot light Over the past few years detailed genetic and biochemisignal transduction. The monocots and, in particular, cal studies of eudicots have greatly increased our underthe grasses are by far the most agronomically important standing of how phytochrome signaling pathways regugroup of plants. Rice, maize, wheat, and sorghum are staple food crops throughout the world and have been under intense human selection for the last 5000-10,000
Sequence data from this article have been deposited with the years. Furthermore, traits such as yield, flowering time, , and maize (Sawers et al. 2002) have all oughly, and imbibed overnight in sterile water. Imbibed seeds recently been shown to contain lesions in the phytowere planted in 12 ϫ 6-cell Rootrainer trays (Hummert, St. chrome signal transduction pathway. In maize, light reLouis) filled with vermiculite and grown either in continuous sponse is a highly variable trait and a reduced light darkness (D) or under continuous white light (W) at 100 mol m Ϫ2 sec Ϫ1 at 28Њ for 10 days in a Conviron (Winnipeg, response is associated with early flowering North AmeriManitoba, Canada) incubator. Fluence rates were measured can and European inbred lines (Markelz et al. 2003) .
with an IL1400A radiometer (International Light, Newbury- Together, these studies indicate that phytochrome re- TTCATTCGGAAAGCCACGGTG-3Ј) and ZmPA2_3ЈUTR-R (5Ј-GATGTGAAACTATGAACAAGGAGGCTG-3Ј) and then cloned into pCR4-TOPO to generate the clone pPhyA2-3Ј-MATERIALS AND METHODS UTR. The 390-bp PhyB1 3Ј-UTR product was generated with ZmPB1_3Ј-UTR-F(5Ј-AGAGGGTGCCTAATTTACGAGAAG-3Ј) Plant materials and growth conditions: Seeds from the maize (Zea mays L. ssp. mays) inbred line B73 were surface sterilized and ZmPB1_3Ј-UTR-R (5Ј-CAACCGTGTAAGCTGAAACAA Phytochrome Family Homeologs of Maize CTC-3Ј)and then cloned into pCR4-TOPO to generate the clone protocols; however, several regions were refractory to sequence analysis and modifications were made to obtain sepPhyB1-3Ј-UTR. The 313-bp PhyB2 3Ј-UTR product was generated with ZmPB2_3Ј-UTR-F (5Ј-GGTCGATTAGGTAACTTA quence from CG-and AT-rich regions of the genes. Namely, 0.04% (v/v) DMSO and 500 mm Betaine were substituted for GGTGGTG3Ј) and ZmPB2_3Ј-UTR-R (5Ј-GCCGCCTGTGTAC ATAACTATCTG-3Ј) and then cloned into pCR4-TOPO to genwater in the linear amplification stage and eliminated the problem in many cases. Overnight digestion of the template erate the clone pPhyB2-3Ј-UTR. The 410-bp PhyC1 3Ј-UTR product was generated with ZmPC1_3Ј-UTR-F (5Ј-GAAGTCTCGGT DNA with frequent four-base cutting restriction enzymes (HinfI, MspI, and Sau3AI; New England Biolabs) prior to linear TGTAGCTAGCCAAG-3Ј) and ZmPC1_3Ј-UTR-R (5Ј-GAGAGA TCAAGAAAACAGACCTACCG-3Ј) and then cloned into pCR4-amplification was also utilized to obtain promoter sequence in half of the BAC clones. The accession numbers of the maize TOPO to generate the clone pPhyC1-3Ј-UTR. The 353-bp PhyC2 3Ј-UTR product was generated with ZmPC2_3Ј-UTR-F (5Ј-CCG phytochrome genes are as follows: PhyA1, AY234825; PhyA2, AY260865 (Christensen and Quail 1989); PhyB1, AY234827; TGTCAAATTCTCGGGTGTAG-3Ј) and ZmPC2_3Ј-UTR-R (5Ј-CAGCTAATCGATCGCGAAGAAAC-3Ј) and then cloned PhyB2, AY234828; PhyC1, AY234829; and PhyC2, AY234830. Predicted peptide alignments: Protein sequence alignments into pCR4-TOPO to generate the clone pPhyC2-3Ј-UTR.
BAC library screens:
A maize HindIII BAC library, ZmMBBb, were generated from full-length predicted sequences from Sorghum bicolor, Oryza sativa, and both Z. mays homeologs using was screened to identify all potential Phy genes of maize (Tomkins et al. 2000 (Tomkins et al. , 2002 . Radiolabeled CAR probes were generMegAlign in LaserGene 1.66 (DNASTAR). MegAlign Clustal W parameters were as follows: Gap Penalty ϭ 10, Gap Extenated by Klenow polymerase (Promega, Madison, WI) incorporation of [␣-32 P]dCTP (New England Nuclear, Boston) using sion penalty ϭ 0.2, protein weight matrix was the Gonnet Series. Accession numbers of sequences used are as follows: random hexamers (Sambrook et al. 1989) . Hybridizations were performed as described (Church and Gilbert 1984) at SbPHYA, AAB41397; SbPHYB, AAB41398; SbPHYC, U56731; OsPHYA, X14172; OsPHYB, X57563; and OsPHYC, AF141942. 65Њ in a bottle incubator (Thermo Hybaid, Needham Heights, MA) using extra-large bottles (300 ϫ 70 mm, Continental Lab Domain architecture was defined using the Conserved Domain Architecture Retrieval Tool (CDART; http:/ /www.ncbi. Products, San Diego). Probes were purified using Micro BioSpin P-30 Tris chromatography columns (Bio-Rad, Hercules, nlm.nih.gov/Structure/lexington/lexington.cgi?cmdϭrps) with the default parameters. CA) and incorporation efficiency was estimated using a Beckman LS 5801 liquid scintillation counter (Beckman Coulter, RNA gel blot analysis: Total RNA was extracted from ‫1ف‬ g of tissue as previously described (Van Tunen et al. 1988) and Fullerton, CA). Filters were exposed to PhosphorImage screens (Amersham Biosciences, Sunnyvale, CA) overnight and scanned quantified using a Beckman DU 530 spectrophotometer. Approximately 20 g total RNA per lane was fractionated on at 50-m resolution using the Storm 840 scanner (Molecular Dynamics, Sunnyvale, CA). Clone scoring was performed man-6.8% (v/v) formaldehyde, 1.5% (w/v) agarose gel. Hybridizations and image analyses were performed as described for ually aided by ImageQuant (IQMac v1.2) software (Molecular Dynamics). BAC clones were ordered from Clemson University DNA blot analysis (see above). Semiquantitative RT-PCR and DNA gel blot analysis: A semiGenomics Institute (Clemson, SC; http:/ /www.genome.clemson. edu/orders/), and single colonies were isolated for overnight quantitative PCR assay was developed to monitor low abundance Phy gene transcripts and to identify transcripts encoded culture. Minipreps of putative positive BAC clones were grown in 4.0 ml Luria-Bertani medium (LB) with 12.5 g ml Ϫ1 chlorby homeologous genes. Fifty micrograms total RNA from lightand dark-grown sheath, blade, and mesocotyl tissues was first amphenicol at 37Њ with 250-rpm continuous agitation overnight. Cells were pelleted and the BACs were isolated using treated with DNaseI (Invitrogen) at 25Њ for 1 hr. RNA was purified using phenol:chloroform:isoamyl alcohol (25:24:1, a standard alkaline lysis protocol (Sambrook et al. 1989) . DNA isolated from putative PhyA, PhyB, and PhyC clones was v/v) and precipitated with 95% (v/v) ethanol and 1/10 volume 3 m sodium acetate. The RNA pellet was washed overnight digested with restriction enzymes (New England Biolabs, Boston) EcoRI (PhyA) or HindIII (PhyB and PhyC) overnight at 37Њ at 4Њ in 70% (v/v) ethanol to remove excess salts and RNA samples were resuspended in pyrocarbonic acid diethyl ester and fractionated on 0.8% (w/v) agarose gels. DNA was transferred to Hybond-N ϩ nylon membranes (Amersham Biosci-(DEPC)-treated water at a concentration of 1.0 g l Ϫ1 . Five micrograms of total RNA was added to first strand cDNA ences). DNA gel blot analysis was performed as described above.
BAC sequencing: Sequence analysis was performed directly synthesis reactions performed with SuperScript II kit (Invitrogen) according to the manufacturer's protocol along with on BAC clones to minimize cloning and Taq-generated errors. A single representative BAC clone served as a template for se-"no-RT" controls. After a 2-hr incubation, all samples were treated with RNaseH (Invitrogen) according to the manufacquencing each of the six Phy gene family members. Phytochrome gene sequence was generated from the following BAC clones:
turer's recommended protocol. The cDNA made from each sample was diluted 10-fold in DEPC-treated water and 10 l PhyA1, ZMBBb0024P21; PhyA2, ZMBBb0020P08; PhyB1, ZMBBb0022H07; PhyB2, ZMBBb0001I24; PhyC1, ZMBBb0092I04; was used in PCR amplifications of phytochrome genes (only 5 l was used for Ubi control). To obtain a semiquantitative and PhyC2, ZMBBb0026K01. Midiprep cultures were generated for the desired BAC clones by direct inoculation from plates estimate of relative transcript levels, PCR reactions were performed for a limited number of cycles. HotStarTaq (QIAGEN) to 250 ml LB with 12.5 g ml Ϫ1 chloramphenicol. Cultures were grown overnight at 37Њ at 250 rpm. An alkaline lysis was used according to the suggested PCR protocol: 15-min initial denaturation at 95Њ; denaturation at 94Њ for 30 sec, midiprep kit (QIAGEN, Valencia, CA) was used following the protocol for very low copy plasmids and following the modified annealing at 55Њ for 30 sec, 1-min extension at 72Њ for either 20 or 25 cycles; 10-min final extension at 72Њ; and 4Њ soak. A protocol of Kirschner and Stratakis (1999). BigDye terminator mix (Perkin-Elmer, Wellesley, MA) and subsequent puriregion of the maize Ubi gene was also amplified to control for equal addition of RNA templates. Amplification of Ubi fication were performed according to the manufacturer's protocol for BAC templates. Samples were fractionated on an was as described above except that 15 cycles of PCR were performed. The primers are as follows: PhyA-F (5Ј-GAGAGAT ABI-3100 (Perkin-Elmer), and sequence analysis was performed using Sequencher 4.1.2 (Gene Codes, Ann Arbor, MI) CCATGAAGCAAAAGGTTTAC-3Ј), PhyA-R (5Ј-GAAGGTTG ACATGCCCAGCTTCCCTGAG-3Ј), PhyB-F (5Ј-GTTTTGGCT and LaserGene 1.66 software (DNASTAR, Madison, WI). The majority of Phy gene sequence was obtained by primer walking GACTTCGCTAAGCATG-3Ј), PhyB-R (5Ј-GGACGATGAGGA AGAAACTCCGCTCTG-3Ј), PhyC-F (5Ј-GTCATGCAAGGCAT initiated at the central CAR regions of the genes. Most of the Phy gene sequence was obtained with the standard BigDye TCCT TTGGGCAAG-3Ј), PhyC-R (5Ј-GCTGCTGAGCTGGG estimated to represent 13.5 genome equivalents on 10 A restriction enzyme digest of PCR products was used to filters (Tomkins et al. 2000 (Tomkins et al. , 2002 (Sharrock et al. 1986) and are moter regions and intron/exon junctions were identithus ideally suited for use as an ortholog-specific gene fied through comparisons of previously published Phy probe. The use of several restriction enzymes revealed gene family members of sorghum (Childs et al. 1997 ) polymorphic sites between homeologs in two standard and existing maize EST sequences. Comparison of the inbreds, confirming that all loci are in fact present in predicted genic structure of Phy homeologs reveals a more than one copy in the maize genome (Figure 1) . striking conservation of gene organization. Figure 2 On the basis of the number of restriction fragments shows a schematic representation of the phytochrome detected there appear to be two copies of PhyA, two gene family in maize. Despite 94% (PHYB and PHYC) copies of PhyB, and two copies of PhyC in at least two to 96% (PHYA) shared amino acid identity between standard maize inbred lines.
homeologs, several indels and nucleotide substitutions Isolation of genomic BAC clones containing phytochrome loci: A BAC library was screened to identify genoclearly differentiate each Phy gene pair. PhyA homeologs share 94% nucleotide identity across the coding region communication). That is, phytochrome genes on chromosome 1 (PhyA1, PhyB1, and PhyC1) were most likely of the genes and extensive sequence similarity throughout putative 5Ј-and 3Ј-UTRs. However, the intron in derived from one ancestral genome and the phytochrome genes located on chromosomes 9 (PhyB2) and the 5Ј-UTR of PhyA1 is approximately double the size of the intron in PhyA2. PhyB homeologs also share 94% 5 (PhyA2 and PhyC2) were likely derived from another ancestral genome following an ancient allopolyploidizasequence identity in coding regions but show greater heterogeneity in intron size. For instance, PhyB1 contion event (Gaut and Doebley 1997; Wilson et al. 1999; Gaut 2001) . tains a 1.8-kb retroelement insertion (nucleotides 5876-Predicted protein structure of phytochrome gene family 7713) in intron II with similarity to a Ty3-gypsy-like retroin maize: Alignments of Phy gene pairs with phytochrome transposon. This sequence is not present in intron II genes from rice and sorghum suggest that all maize phytoof PhyB2 or in PhyB from sorghum (Childs et al. 1997) , chrome genes encode functional proteins (see Figure S1 at suggesting a relatively recent origin or that PhyB2 is the http:/ /www.genetics.org/supplemental/). BLAST searches homolog of sorghum PhyB. Intron III of PhyB1 has also of CDART (http:/ /www.ncbi.nlm.nih.gov/Structure/ expanded relative to intron III of PhyB2 and PhyB in sorlexington/lexington.cgi?cmdϭrps) revealed the presence ghum (Childs et al. 1997) , although there is no obvious of several highly conserved domains present in all six insertion element to account for this increase in size. maize phytochrome genes. The chromophore attachPhyC homeologs have similar intron/exon structure ment site is embedded in a GAF domain found in a and show little similarity in 5Ј-noncoding regions but not in the 3Ј-UTRs.
Maize phytochrome homeologs map to syntenic regions of the genome: Gene-specific probes were generated from the coding region or 3Ј-UTR sequences for each of the six Phy gene family members and positioned on the IBM recombinant inbred population (Lee et al. 2002;  Figure 3 ). Although the probes for phyA and phyB could not distinguish between homeologs due to the high sequence similarity in the 3Ј-UTR, restriction site differences enabled the assignment of RFLPs to one or the other homeolog. The PhyB1 locus placed on chromosome 1S (1.03) and PhyB2 placed on chromosome 9L (9.05/9.06). PhyC1 was positioned to 1L (1.12) and PhyC2 was positioned to 5S (5.02/5.03). We have found no evidence of a third PhyC copy in the B73 genome as suggested by Basu et al. (2000) in their comparative mapping study. During the course of this work, we discovered that the published PhyA sequence is located on chromosome 5 and not chromosome 1 as originally described in Christensen and Quail (1989) . To more accurately reflect the likely ancestry of this sequence, AY260865) was renamed PhyA2 (P. H. Quail, personal vast array of signal transduction proteins (Aravind and Ponting 1997; Ho et al. 2000) . Flanking the GAF domain is a conserved Phytochrome domain found in all phytochrome genes and two Per-Arnt-Sim domains found in many sensory transduction proteins (Ponting and Aravind 1997; Pellequer et al. 1998; Whitmore et al. 1998) . The conserved histidine kinase-related domain that functions as a serine/threonine kinase (Yeh and Lagarias 1998) and a phytochrome-like ATPase (HATPase) domain are also present in each of the maize phytochrome gene family members. Furthermore, critical amino acids required for phyA (Dehesh et al. 1993; Reed et al. 1994; Quail et al. 1995; and phyB activity in Arabidopsis (Wagner and Quail 1995; Krall and Reed 2000) are also conserved in maize PHYA1/ PHYA2 and PHYB1/PHYB2 proteins (asterisks in Figure  S1 , A and B, at http:/ /www.genetics.org/supplemental/). Taken together, these data strongly suggest that all six maize Phy genes have the potential for encoding fully define a hypervariable region among monocot PhyB sequences. This likely reflects the variable expansion of several microsatellite sequences near the 5Ј end of the ingly, PhyC transcript levels were maintained at similar PhyB genes. For instance, a variable number of CAC relevels under light and dark growth conditions, indicatpeats account for the presence of three to seven H resiing that the mechanisms regulating PhyC transcript acdues near the N terminus of ZmPHYB1, ZmPHYB2, cumulation may differ from those regulating PhyA and SbPHYB, and OsPHYB. Similarly, slipped mispairing or PhyB. In addition to light-induced changes in exprespolymerase stuttering accompanying DNA replication sion, tissue-specific differences in expression were also through long stretches of GC residues (Farabaugh and observed. Most notably, transcripts for PhyB and PhyC Miller 1978) may account for the variable number of accumulated to similar levels in light-and dark-grown G residues near the N terminus of monocot PHYB. The mesocotyl tissues and PhyA transcripts were much less predicted PHYB1 protein is five amino acids shorter abundant in dark-grown mesocotyl tissues relative to than PHYB2 due to additional G repeats at the N-termidark-grown blade and sheath tissues. nal region of the protein and a ϩ1-bp frameshift 9 bases Semiquantitative RT-PCR of phytochrome gene exbefore the predicted stop codon.
pression: To examine the transcriptional profiles of RNA gel blot analysis of the phytochrome gene family:
each Phy gene, we developed a RT-PCR assay that differ-RNA gel blot analysis was used to examine the light entiates between each homeolog (see materials and regulation of Phy gene transcript accumulation ( Figure  methods) . In brief, primers were designed to regions 4). Due to the strong sequence similarity among homeoof perfect identity that are shared between homeologs logous genes, we were unable to develop gene-specific and that span the last intron to control for genomic probes that could unambiguously discriminate each ho-DNA contamination. Product lengths ‫054-003ف(‬ bp) meolog. Thus, the transcript pools examined by Northfor each homeolog were also identical to prevent selecern analysis reflect the accumulation profiles of homeotive amplification of one or the other homeolog. A limlogous gene pairs and do not address the contributions ited number of PCR cycles were then performed to by single gene family members. Nevertheless, hybridizaenable semiquantitative analysis of gene expression protions with gene-specific probes (see materials and files. cDNA products were digested with restriction enmethods) detected transcripts of ‫4ف‬ kb for PhyA, PhyB, zymes that could discriminate between cDNA derived and PhyC, indicating that mature transcripts for PhyA, from homeologs due to the presence of single nucleoPhyB, and PhyC accumulate in seedling tissues. As obtide polymorphisms (see schematic in Figure 5 ). Prodserved previously (Christensen and Quail 1989), tranucts were fractionated on agarose gels and transferred scripts encoded by PhyA were more abundant in D-grown to nylon membranes and hybridized to gene-specific tissues than in W-grown tissues. PhyB transcripts also probes. The relative abundance was estimated from densitometric scans of radiolabeled filters. accumulated to higher levels in D than in W. Interest- Figure 5 .-Semiquantitative RT-PCR assay of phytochrome gene expression in seedling leaf tissue and schematic of assay. RT-PCR products for each gene pair were digested overnight with MaeII (PhyA), AviI (PhyB), or AvaII (PhyC); separated on agarose gels; and transferred to nylon membranes. Fragments resolved on 2% agarose gel are shown in the schematic. Restriction enzyme cut sites are shown with expected sizes of fragments. Intron number is shown above gray arrowheads and denotes location of spliced introns in each transcript. Gene fragments were detected with radiolabeled RT-PCR products specific to PhyA (A), PhyB (B), PhyC (C), or a Ubiquitinspecific fragment (D).
As shown in Figure 5 , all six maize phytochrome genes similar to those observed for the PhyA genes. Expression from only one of the PhyB homeologs predominated in are expressed in several seedling tissues including leaf blade, leaf sheath, and mesocotyl, but the light-and all seedling tissues examined, and transcripts for PhyB1 and PhyB2 were more abundant in D-grown relative to tissue-specific patterns of expression differ significantly among homeologous genes. Densitometric analysis of W-grown blade and sheath tissues. However, both PhyB1 and PhyB2 were expressed at similar or slightly higher transcript profiles indicated that PhyA1 transcripts accumulated to higher levels than PhyA2 transcripts in all levels in W-grown mesocotyl tissue relative to D-grown mesocotyl tissue. tissues examined (data not shown). However, the tissuespecific patterns of PhyA1 and PhyA2 expression were As observed for PhyA and PhyB homeologs, transcripts from the phyC homeolog located on chromosome 1 prevery similar to one another, and transcripts encoded by both genes accumulated to higher levels in all dark-grown dominated in all seedling tissues examined. PhyC transcripts accumulated to slightly higher levels in D-relative tissues examined relative to light-grown tissues. The similarity between PhyA1 and PhyA2 accumulation profiles to W-grown blade tissue but accumulated to similar levels in D-and W-grown sheath tissues. Together, these studies may be attributable to small regions of conserved sequence in promoter and 5Ј-UTR (see Figure S2A at http:/ /www.
indicate that phytochrome gene family members are under both tissue-and light-dependent regulation durgenetics.org/supplemental/) or the 3Ј-UTR (see Figure  S2B at http:/ /www.genetics.org/supplemental/). For exing maize seedling development. ample, putative phytochrome responsive PE3 and RE1 elements (Bruce et al. 1991) were identified in both DISCUSSION PhyA1 and PhyA2 promoters, indicating a similar mode of PhyA transcriptional control (see Figure S2C at http:// Phytochromes are the primary red/far-red photoreceptors in higher plants and play an essential role in www.genetics.org/supplemental/).
Gene expression profiles for the PhyB genes were the regulation of plant development in response to envi-ronmental change (Neff et al. 2000) . In higher plants, tested functional divergence of each protein. Nevertheless, the overlapping expression domains of maize Phy phytochromes are encoded by a small nuclear gene family that varies in size and complexity throughout homeologs are consistent with the possibility of direct interaction of Phy homeolog proteins. the angiosperm lineage. In many diploid eudicots (e.g., Arabidopsis, poplar, tomato, and Stellaria longipes) the The high sequence conservation between homeologous phy gene pairs also highlights some of the chalphytochrome gene family is represented by three to five gene family members (Mathews and Sharrock 1997;  lenges that face maize genome sequencing projects. Searches of The Institute for Genome Research (TIGR) Howe et al. 1998; Alba et al. 2000; Li and Chinnappa 2003) . However, in the monocots rice and sorghum the Maize Gene Index (ZmGI) revealed tentative consensus (TC) sequences for PhyA, PhyB, and PhyC genes of family is represented by three lineages, PhyA, PhyB/D, and PhyC Sharrock 1996, 1997 Wilson et al. 1999; Gaut (TC171984) was also derived from ESTs that were all most similar to PhyA1 sequence. Thus, TC185264 is most 2001). Thus, the PhyA1, PhyB1, and PhyC1 genes on chromosome 1 are most accurately defined as the hosimilar to PhyA2 whereas TC171984 is most similar to PhyA1 sequence, but neither assembly is identical to the meologs of PhyA2, PhyB2, and PhyC2, respectively, present on chromosomes 5S (PhyA2 and PhyC2) and 9L
predicted PhyA1 gene reported here or to the previously published PhyA2 sequence (Christensen and Quail (PhyB2). The striking conservation of sequence and overlapping expression patterns of phytochrome ho-1989). Attempts to distinguish highly similar gene homeomeologs suggest that functional redundancy of phytochrome gene action has been maintained during the logs such as the phytochrome genes are further complicated by the presence of repetitive elements within evolution and domestication of modern maize.
Although the function of any Phy gene has yet to be genes. As shown in Figure 2 , a nearly 2-kb retroelement insertion is present in the second intron of PhyB1. Aldetermined in maize, it is tempting to speculate on some of the consequences of maintaining such similar though gene islands are anticipated to be scattered throughout a sea of retrotransposons in maize (SanMihomeologs. Perhaps one of the most intriguing possibilities is that the homeologs could form active heterodimguel et al. 1996) , the presence of large retroposon sequences within genes could prove problematic in genoers that mediate responses different from those regulated by homodimers. Early studies of oat phytochrome mic assemblies (Rabinowicz et al. 2003) . To enrich for gene-rich regions of the genome, current maize genome proteins indicated that the biologically active forms of phytochrome function as homodimers ( Jones and sequencing projects are utilizing methyl filtration technologies and high C o t sequences to reduce representaQuail 1986). Evidence strongly suggests that these dimerized forms interact with nuclear localized transcription of repetitive LTR retroelements (Rabinowicz et al. 2003) . Since we did not examine the methylation status tion factors to mediate phytochrome responses (Sakamoto and Nagatani 1996; Kircher et al. 1999 Kircher et al. , 2002  of this element, it is difficult to predict whether or not PhyB1 intron sequences would be represented in methyl- Yamaguchi et al. 1999; Huq and Quail 2002; Huq et al. 2003) . In the case of Arabidopsis phyB, dimerized ation-filtered genomic libraries (Rabinowicz et al. 1999) . Regardless, the repetitive nature of the element and its and nuclear localized N-terminal sequences (amino acids 1-651) are sufficient to mediate a number of red large size would likely lead to its exclusion from genomic assemblies. Recent methods developed to link gene-rich light responses in a phyB mutant background (Matsushita et al. 2003) . Although many regions of the mature regions should prove particularly useful in assembling genes such as PhyB1 in maize (Yuan et al. 2002) . protein assist or strengthen dimerization, the amino acids that are critical for dimerization of Arabidopsis
In addition to confounding bioinformatics-based approaches to genome annotation, the duplications of the phyA lie between 1116 and 1161 . Due to the high degree of sequence identity between homeolomaize Phy gene family also highlight challenges faced in defining syntenic relationships among grass genomes. The gous gene pairs, especially within this dimerization domain, it is likely that the maize PHY homeologs will relatively recent polyploidization in the maize lineage has likely contributed to the duplication of Ͼ80% of also form heterodimers. Clearly, the consequences of heterodimerization are dependent on the, as yet, unthe maize genome as colinear regions of homeologous maize chromosomes (Gaut 2001). These highly similar Although little is known of PhyB or PhyC gene regulation in monocots, detailed characterizations of organ-and sequences have the potential to greatly complicate the analysis of orthologous relationships in the grasses. For tissue-specific regulation of phytochrome gene expression have been performed in several model eudicots. In Arabiinstance, in a recent study, a PhyA-containing BAC clone of maize was characterized as a syntenic region with a dopsis, PHYA, PHYB, PHYC, PHYD, and PHYE transcripts accumulate in several plant organs (Clack et al. 1994) , PhyA gene sequence from sorghum (Morishige et al. 2002) . The authors characterized a single maize BAC and promoter-Gus fusions indicate that the promoters determine tissue specificity, light induciblity, and magclone and assigned this gene and all predicted gene sequences residing on this BAC to chromosome 1L, nitude of gene expression (Somers and Quail 1995a,b; Goosey et al. 1997) . However, translational and/or postcorresponding to the published map position of PhyA2 (Christensen and Quail 1989) . However, as we report translational mechanisms largely determine the accumulation of phytochrome proteins in Arabidopsis (Clack et al. here , the original assignment of this homeolog to chromosome 1 was incorrect and is instead located on chro-1994; Sharrock and Clack 2002; Sharrock et al. 2003b) . In potato, a uniform pattern of PhyB expression mosome 5S. Furthermore, because only one of the two PhyA orthologs was characterized, the previously rewas observed in several mature plant organs (Heyer and Gatz 1992) . In tomato, however, temporal tissueported synteny comparisons made between the sorghum and maize PhyA regions are incomplete (Morisand organ-specific differences were observed for all phytochrome genes (Hauser et al. 1997 (Hauser et al. , 1998 . Also, in hige et al. 2002) . It is tempting to speculate that because all Phy genes located on chromosome 1 are more highly general, PhyA transcripts are most abundant in several seedling and mature plant tissues, with the exception expressed in seedling tissues than are their homeologs located on chromosomes 5 and 9, genes tightly linked of ripening fruit, where PhyB2 and PhyF transcripts predominate (Hauser et al. 1997) . In tobacco, PHYB1-Gus to these Phy genes may show similar homeolog-specific biases in gene expression.
promoter fusions also suggest tissue-specific regulation of PHYB1 transcription in developing seedlings and maAn analysis of Phy transcript profiles was conducted to examine potential light-and tissue-specific regulation ture plants. In particular, PHYB1 expression appeared to be restricted to phloem cells of the stem, petiole, and of Phy gene activity in maize. Transcripts for both PhyA1 and PhyA2 accumulated to much higher levels in dark midrib tissues (Adam et al. 1996) . The organ-and tissuespecific expression profiles of PHYB genes in tomato relative to white light in blade, sheath, and mesocotyl tissues. This light-dependent decrease in phyA tran- (Hauser et al. 1997 ) and tobacco (Adam et al. 1996) and maize (this study) contrast with the relatively uniform scripts has been observed in several grass species (Colbert et al. 1983; Hershey et al. 1984 ; Christensen and pattern of PHYB expression in Arabidopsis (Somers and Quail 1995b) and potato (Heyer and Gatz 1992) and Quail 1989; Kay et al. 1989; Dehesh et al. 1991 ) and likely reflects a common regulatory mechanism that acts suggest that there may be little conservation in the transcriptional regulation of PHYB and PHYC accumulation to maintain high levels of phyA transcript in the dark (Bruce et al. 1989) . Furthermore, several elements have between monocots and dicots. In rice (Dehesh et al. 1991; Basu et al. 2000) and been defined in monocot PhyA promoters that likely mediate a high transcription rate of PhyA in the dark sorghum (Childs et al. 1997 ) PhyB and PhyC transcripts are maintained at relatively constant levels under dark (Bruce and Quail 1990; Bruce et al. 1991) . The presence of PE3 and RE1 elements in the promoter region and white light conditions, but nothing is known of tissue-or organ-specific expression profiles. In maize, of maize PhyA homeologs suggests a similar mechanism of transcriptional control.
we have shown that tissue-specific accumulation of PhyB is light dependent. That is, PhyB transcripts are most Despite the common features shared by monocot phyA promoters, the kinetics of light-mediated reducabundant in blade and sheath tissues of dark-grown plants but accumulate to similar levels in mesocotyl tistions of PhyA transcript levels differs among grass species (Colbert et al. 1985; Lissemore and Quail 1988;  sues of light-and dark-grown plants (see Figure 4) . Thus, light appears to play an important role in regulating Christensen and Quail 1989; Kay et al. 1989) . In oat (Lissemore and Quail 1988) and rice (Kay et al. 1989) the organ-specific patterns of PhyB gene expression in maize. PhyC transcripts were the least abundant of all there is a rapid decrease in PhyA transcript levels that can largely be attributed to a decreased rate of PhyA Phy genes in dark-grown tissues and were maintained at low levels in light-grown tissues as well. transcription. In maize the reduction in PhyA transcript accumulation is less rapid (Christensen and Quail
The identification and sequence analysis of all phytochrome gene family members reported here will now 1989) and indicates that post-transcriptional regulation may also contribute to PhyA transcript accumulation.
permit the utilization of association methods to examine the role of phytochrome gene function in this imporHere we have shown that this light-dependent reduction in PhyA transcript accumulation is intrinsic to PhyA1 tant crop plant. In addition, the elucidation of phytochrome gene family organization in maize will guide and PhyA2 regulation and operates in several seedling tissues.
reverse genetic screens to disrupt all phytochrome gene
